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Abstract
Athletic prowess in both males and females is negatively correlated with the ratio between
the lengths of the second and fourth fingers (2D:4D), a correlate of prenatal testosterone
exposure. Because multiple lines of evidence suggest that prenatal testosterone exposure
is associated with sports interest, motivation, and athletic performance we measured the
digit ratios of 77 non-athletes, 103 varsity athletes, and 78 club sport athletes to test 8
hypotheses about the relationship between digit ratio and the athletic behavior of college-
age women in the USA. Using independent samples t-tests, we found no significant differ-
ences between the digit ratios of women that (1) were athletes and non-athletes, (2) were
varsity or club sport athletes, (3) had played or were currently playing individual or team
sports, (4) played contact and non-contact sports, (5) played sports involving a ball and
those that do not, (6) played sports where the outcome was determined by a score or the
outcome of direct physical competition or subjectively by judges, or (7) were starters or
reserves on their teams. However, women that played overhand throwing sports softball
and water polo had significantly smaller digit ratios than did women that played other sports.
These differences were not due to scaling effects. The independent samples t-test results
were supported by subsequent Monte Carlo bootstrap, Bayesian, Random Forest, and mul-
tiple linear regression analyses. We suggest that the organizational consequences of prena-
tal testosterone exposure may influence the anatomy and physiology of women that leads
to success playing overhand throwing sports.
Introduction
In humans, the ratio between finger 2 (2D) and finger 4 (4D), 2D:4D, is smaller in males than
in females and is independent of age [1]. Experiments with rodents show that the length of 2D
is positively influenced by prenatal exposure to estrogen whereas the length of 4D is positively
influenced by prenatal testosterone exposure [2–4]. Evidence also suggests that prenatal testos-
terone exposure positively affects the length of finger 5 (5D) so that the 2D:5D ratios of males
are also smaller, on average, than those of females. [5]. However, recent analyses suggest that
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the sexual dimorphism in 2D:4D may be due to a scaling effect with males exhibiting smaller
2D:4D because males are larger and have longer fingers, on average, than females [6–8]; but
see [9].
In humans, 2D:4D is (a) established by the end of the first trimester [10] coinciding with a
period of high testosterone production in male fetuses [11], (b) determined by the relative pro-
portions of prenatal testosterone and estrogen early in development that affect digit growth
during a relatively narrow window of time early in development [3], (c) relatively stable
throughout postnatal growth [12–16], and (d) sexually dimorphic across ethnic groups both
within and between countries [17,18].
Sex differences in athletic performance are well established. Postnatally, the greater expo-
sure of males than females to testosterone beginning at the onset of puberty, when the differ-
ences between males and females in running speed and strength widen [19], is primarily
responsible for these differences. Furthermore, the use of anabolic steroids to enhance athletic
performance provides further evidence that androgens are major contributors to the sex differ-
ences in athletic performance [20,21]. Prenatal testosterone exposure may also affect subse-
quent athletic behavior and performance [22–24].
Athletic prowess in both males and females, as indicated by their performance on tests of
physical skills [25–29] and level of athletic achievement [17,30–32], is associated with smaller
2D:4D [33,34]. The relationship between 2D:4D and athletic prowess may be mediated by the
effects of prenatal testosterone exposure on the cardiovascular system [34]. The finding that
the relationship between 2D:4D and athletic ability is especially strong for distance running
[25,26,35–37] is consistent with this idea.
Multiple lines of evidence suggest that prenatal testosterone exposure influences not only
sports performance but also sports interest and motivation [24,38]. First, the typical childhood
play and activity patterns (e.g., rough-and-tumble play) of boys [39,40] are not only positively
correlated with prenatal testosterone exposure but also predict their interest in sports as adults
[41–43]. Second, prenatal testosterone exposure is associated with the sex differences in toy
preferences, activity interests, and play patterns of children, including competitive sports [44].
Third, smaller 2D:4D is negatively correlated with participation in competitive sports [45].
Fourth, a twin study showed high heritability of 2D:4D perhaps helping to explain why parents
that were superior athletes tended to have children with superior athletic prowess [46]. Last,
females with Congenital Adrenal Hyperplasia (CAH), a condition caused by excessive prenatal
exposure to androgens, are more likely than non-CAH females to display a strong interest in
participating in stereotypically masculine sports (e.g., team sports, contact sports, and sports
involving projectiles) [43,47,48]. Collectively, these studies challenge social constructivist theo-
ries [49–52] that hypothesize that males exhibit greater levels of interest and participation in
sports than do females primarily because of sex-biased social and cultural influences such as
differences in equality of opportunities and the socialization of children. Indeed, Deaner et al.
[38] presented evidence that prenatal testosterone exposure was more important than sociali-
zation as a proximate factor influencing the well-established, cross-cultural sex differences in
sports interest and participation [53–55].
Our purpose was to examine the relationship between digit ratio and the athletic behavior
(e.g., participation in competitive sports and the sports played) and performance (e.g., level of
competition attained) of women students and athletes at Grand Valley State University
(GVSU). Compared to those for men, data on the relationship between digit ratio and athletic
behavior and performance in women are relatively sparse [31,36,56–61]. One of our goals was
to fill this gap in our knowledge by studying the relationship between digit ratio and the ath-
letic behavior and performance of female college students currently playing competitive sports
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at GVSU. The results of previous research on the association between digit ratios and athletic
prowess and physical fitness prompted us to test the following eight hypotheses.
Hypothesis 1: Women varsity and club sport athletes have smaller digit
ratios than do non-athletes
Background. We tested this hypothesis for several reasons. (a) A variety of studies have
demonstrated negative correlations between 2D:4D and athletic prowess and participation in
competitive sports [36,45,45]. (b) 2D:4D may be negatively correlated with temporary
increases in circulating testosterone in men during “challenge” situations similar to those
experienced during athletic competition [62] and greater sensitivity to levels of circulating tes-
tosterone in both men and women [63–65]. (c) Competitive social interactions are positively
correlated with testosterone exposure [66,66–68]. (d) Polish women that play college sports
tend to have higher levels of competitiveness than those that do not and the difference may be
related to their greater prenatal testosterone exposure [31]. (e) CAH females are more likely
than non-CAH females to show strong interest in stereotypically masculine sports [43,47,48].
(f) Male-typical childhood play and activity patterns, which are positively correlated with expo-
sure to prenatal testosterone, predict adult sports interest [41,42].
Hypothesis 2: Varsity athletes have smaller digit ratios than do club
athletes
Background. We tested this hypothesis because varsity athletes are more highly valued by
the University than club sport athletes because varsity athletes and their teams receive financial
support from the University and, therefore, are likely to be superior athletes, on average, than
club sport athletes.
Hypothesis 3: Women that play team sports have smaller digit ratios than
those that play individual sports
Background. We tested this hypothesis because boys have a greater propensity than girls
to participate in physical competition and behaviors that require teamwork to confront a chal-
lenge [69,70] suggesting that prenatal testosterone exposure influences these behaviors. Several
empirical studies support this hypothesis by demonstrating that pre-pubertal boys, with low
levels of circulating testosterone, are more likely than girls to participate in both organized and
spontaneous (e.g., “pick-up games”) team sports [55,71–73].
Hypothesis 4: Women that play contact sports have smaller digit ratios
than those that play non-contact sports
Background. We tested this hypothesis for several reasons. (a) Physical aggression is one
manifestation of social competition [67,68] and contact sports require physical aggression
from players as they try to displace competitors from preferred locations on the field as in
“boxing out” in basketball, impede the progress of a competitor in rugby, or separate competi-
tors from the ball as in soccer. (b) The physically competitive rough-and-tumble play displayed
more often by boys than by girls [39,40] is positively correlated with prenatal testosterone
exposure [41–43]. (c) In women, 2D:4D is negatively correlated with personality traits like
aggressiveness, assertiveness, competitiveness, and dominance that would promote success in
contact sports [74–77]. (d) Women that voluntarily chose to participate in the physically
demanding combat sports of judo and boxing at a Polish military academy had smaller 2D:4D
than those that chose aerobic exercise as their required athletic activity suggesting that the
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voluntary choice of a contact sport may be influenced by prenatal testosterone exposure [78].
(e) Male athletes that played contact sports had significantly smaller 2D:4D and higher levels
of physical aggression than those that played noncontact sports [24]. (f) In general, sports with
frequent contact between competitors entail greater risks of injury than do non-contact sports.
Therefore, the preference for different sports that pose different risks of injury may reflect
individual differences in risk-taking attitudes. Evidence suggests that individual differences in
risk-taking attitudes may be influenced by differences in testosterone levels [67,79,80]. Several
studies have demonstrated negative correlations between financial risk-taking and 2D:4D sug-
gesting that prenatal testosterone exposure influences the risk-taking tendencies of adults [79–
81].
Hypothesis 5: Women that play sports involving balls, or other projectiles,
have smaller digit ratios than those that play sports without projectiles
Background. We tested this hypothesis because the development of visuospatial ability,
which would be a benefit while playing sports involving projectiles, have been hypothesized to
be associated with prenatal testosterone exposure and thus 2D:4D [34].
Hypothesis 6: Women that play sports that involve frequent overhand
throwing have smaller digit ratios than those that do not
Background. We tested this hypothesis because several observations suggest that prenatal
testosterone exposure, amongst other factors, may affect throwing biology. (a) In both tradi-
tional and modern societies, boys and men throw projectiles more often in combat, hunting,
and sports than do girls and women [82–87]. (b) Boys and men typically throw faster, farther,
and more accurately than do girls and women [19,88,89]. (c) Males outperform females at hit-
ting a moving target with a thrown ball although the sex differences in throwing experience
and physical strength affecting accuracy at hitting distant targets and may be partly responsible
for some of this sex difference [90]. (d) Boys tend to achieve mature throwing actions earlier
than do girls [91–94]. (e) Training does not eliminate the sex differences in throwing [95,96].
(f) Cultural influences have little effect on the sex differences in throwing [97,98].
Hypothesis 7: Women that play sports where the outcomes of contests are
determined by a score or the outcome of direct competition between
competitors (e.g. running or swimming races) have smaller digit ratios
than those that compete in sports (e.g., gymnastics) where the outcome is
subjectively determined by judges
Background. We tested this hypothesis because “scored” sports involve direct physical
competition between teams (e.g., soccer) or individuals (e.g., a swimming race). Boys and men
tend to participate in sports that involve direct physical competition more often than do girls
and women [38,53,55] suggesting a possible role for prenatal testosterone exposure influencing
these behaviors.
Hypothesis 8: Women that were starters on their athletic teams have
smaller digit ratios than those that were reserves
Background. We tested this hypothesis because starters, on average, are likely to be supe-
rior athletes compared to reserves. For example, starters had smaller 2D:4D than did reserves
on Australian women’s semi-professional basketball teams [56].
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Materials and methods
Ethics statement
This project was approved by the Human Research Review Committee at GVSU (HRRC Proj-
ect No. 16-084-H). Each subject provided written informed consent before participating in the
study.
Subject recruitment
We recruited subjects from the undergraduate female student population of GVSU’s enroll-
ment of approximately 21,000 undergraduate students during the 2016–2017 academic year.
We recruited subjects from Biology classes at GVSU by having their instructors announce the
opportunity to participate in this project, by posting in buildings and athletic facilities on cam-
pus advertisement flyers describing the project, and by contacting varsity and club coaches
and requesting their cooperation by allowing us to use email to recruit their team members as
subjects. All of the varsity and club coaches and GVSU’s Head Athletic Trainer gave us permis-
sion to contact female student-athletes. We offered subjects a $10.00 gift card to a local retailer
as an incentive to participate in this project.
Subjects came from three populations at GVSU; (a) female students that did not compete in
intercollegiate athletics, but may have participated in sports in high school and or in intramu-
ral sports at GVSU, hereafter referred to as non-athletes, (b) varsity athletes that competed in
intercollegiate athletics (basketball, cheerleading, cross country, golf, lacrosse, soccer, softball,
swimming, tennis, track & field, volleyball) at the National Collegiate Athletic Association
(NCAA) Division II level (http://www.ncaa.org), and (c) club athletes that competed in inter-
collegiate athletics (basketball, dance, ice hockey, lacrosse, rowing, rugby, soccer, softball, syn-
chronized ice skating, volleyball, water polo) against club athletes from NCAA Division I, II,
and III institutions. The NCAA Divisions reflect, on average, the financial commitments made
by colleges and universities to their athletes. Division I institutions provide the most athleti-
cally related financial aid for student athletes, Division II institutions provide athletes limited
financial aid, and Division III institutions do not provide athletically related financial aid
(http://www.ncaa.org). Varsity athletic teams at GVSU are funded by the University whereas
club athletic teams are funded by team members and donors. Cheerleading and dance teams
were included as sports in some analyses because they participated in intercollegiate competi-
tions. Both competitive cheerleading and dance require skills associated with athletic prowess
including agility, flexibility, strength, and highly coordinated and synchronized actions with
teammates. Cheerleading combined dance and gymnastics. The athletic prowess of the college
athletes in our sample was likely to be superior to those of the non-athletes because both var-
sity and club women athletes at GVSU are among the best in Division II and have won numer-
ous individual and team national championships (https://gvsulakers.com/, http://www.
gvsuclubsports.com/).
Measuring digit ratios
Lombardo measured the lengths of 2D, 4D, and 5D from digital images of both hands that
were collected on an Epson1 V550 flatbed scanner and saved on a computer for analyses.
Computer assisted measurements of digit lengths produce the most accurate and consistent
digit measurements [99]. Before producing scans, we instructed subjects to remove rings and
other jewelry that might affect digit measurements and to place both of their hands, palm
down, on the scanner without pressing them on the scanner bed while images were produced
so as to not distort the length of their fingers which can alter digit ratio measurements [100].
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Although fingertip fat pads may have been differentially deformed when subjects placed their
hands on the scanner, fingertip size is unrelated to image-based 2D:4D measurements [101].
The scanner produced black and white images with image resolution set at 400 dpi. A scale bar
on each image was used to calibrate the ImageJ image analysis software (http://rsb.info.nih.
gov/ij/) used to measure digit lengths from the mid-point of the finger crease proximal to the
palm to the tip of the fleshy part of the finger. Each digit was measured twice, but not consecu-
tively so that first measurements did not influence second measurements (see Statistical analy-
ses). We used the mean of the two measurements to calculate 2D:4D and 2D:5D from each
hand.
In some studies, right-side digit ratios appear to be more sensitive to prenatal exposure to
sex steroids [17] and previous studies reported that 2D:4D sexual dimorphism is more pro-
nounced on the right side [102–105]. However, we measured and report digit ratios from both
hands because a meta-analysis of digit ratio data was inconclusive for right- or left-side bias
and recommended the measuring for both right- and left-side digit ratios [45].
Digit 5 (5D) was measured on each hand because males have smaller 2D:5D than females
suggesting that there is an underlying growth field across the fingers that is influenced by pre-
natal testosterone exposure [5,106].
Coding athletic performance and behavior
Each subject completed a survey about their athletic behavior and performance after their
hands were scanned. We defined athletic behavior in two ways, (a) whether a subject partici-
pated in competitive sports or not and (b) by the sport(s) played. We defined athletic perfor-
mance as the level of competition achieved (e.g., high school, varsity sport, club sport, starter,
reserve).
Non-athletes completed a survey that included the following questions:
1. Did you play organized sports in high school? We considered organized sports to include
club (e.g., YMCA or YWCA) and school sports. Possible responses were yes and no.
2. If you played organized sports in high school, what sport(s) did you play? Possible
responses were soccer, softball, basketball, swimming & diving, track & field (including
cross country), volleyball, tennis, and other.
3. Were you a starter or reserve? Possible responses were starter and reserve. Varsity and club
athletes completed a survey that included the following questions:
1. What sport(s) do you play at the intercollegiate level? Respondents listed the sport(s)
they played.
2. Do you play a varsity or club sport? Possible responses were varsity and club.
3. Are you a starter or a reserve? Possible responses were starter and reserve.
Both surveys included other questions, but the analyses of those data are not reported on
here.
From their survey responses, we coded whether subjects played individual or team sports,
contact or noncontact sports, ball or non-ball sports, sports that required frequent overhand
throwing or not, sports where the outcome was determined subjectively by judges or by the
outcome of direct competition between individuals or teams, and if they were in the lineup at
the start of the competition or game (i.e., starter) or not (i.e., reserve).
We coded golf, swimming, tennis, and track & field as individual sports because their pri-
mary competitive context is one of individuals directly competing against one or more other
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competitors even though the cumulative outcomes of individual competitions (e.g., races) are
used to determine a team’s success during intercollegiate competition. Cross-country runners
were included in the track & field category because they all also competed in track & field. We
coded basketball, cheerleading, dance, ice hockey, lacrosse, rowing, rugby, soccer, softball,
swimming, synchronized skating, volleyball, and water polo as team sports. We coded as con-
tact sports those in which physical contact between competitors commonly occurs and
included basketball, ice hockey, rugby, soccer, and water polo. Body checking is not allowed in
women’s ice hockey, but it is considered a body contact sport (http://www.usahockeyrulebook.
com/). We coded noncontact sports those in which physical contact between competitors is
uncommon or prohibited by the rules and included cheerleading, dance, golf, lacrosse, rowing,
softball, swimming, tennis, track & field, synchronized skating, and volleyball. We coded
lacrosse as a non-contact sport because of its restrictive rules, relative to ice hockey, governing
physical contact between players on opposing teams (www.ncaapublications.com). Ball sports
included basketball, golf, ice hockey, lacrosse, rugby, soccer, softball, tennis, volleyball, and
water polo. Ice hockey was included in this category because the main objective of the game is
to move a hockey puck (a hard flattened, rubber ball) into the opposing team’s goal. We coded
all other sports as non-ball sports. We coded softball and water polo as sports that required fre-
quent overhand throwing; all other sports were coded as non-overhand throwing sports. We
coded basketball, ice hockey, golf, lacrosse, rowing, rugby, softball, swimming, tennis, track &
field, volleyball, and water polo as “score” sports. Cheerleading, dance, and synchronized skat-
ing were coded as subjectively scored sports. We used survey responses to code subjects as
either starters or reserves.
Statistical analyses
We examined the data for normality using the Kolmogorov-Smirnov test and, where appropri-
ate, used parametric and nonparametric statistical tests to determine if the data supported any
of the hypotheses we tested.
We used one-way ANOVA to test the null hypothesis of no differences in the digit ratios of
non-athletes, varsity athletes, and club athletes. We used independent samples t-tests to test
the null hypotheses of no differences in the digit ratios of women that played either individual
or team sports, contact or noncontact sports, ball or non-ball sports, overhand throwing or
non-overhand throwing sports, scored or subjectively-scored sports, and were starters or
reserves. We also compared the digit ratios of subjects that were of European and non-Euro-
pean ancestry because digit ratios may vary by ethnicity [17]. In all cases, Levene’s test for
equality of variances showed that there were no significant differences between the compared
groups in sample variances (all P> 0.05). However, to be statistically conservative and because
in some cases sample sizes were widely disparate, we report adjusted Welch t values [107], df,
and P values for the t-tests where equal sample variances were not assumed [108].
We further evaluated the statistical outcomes of the independent samples t-tests in several
ways. First, we calculated the effect sizes (Cohen’s d) of all two sample comparisons; by con-
vention, effect size of d = 0.8 is considered large, d = 0.5 medium, and d = 0.2 small [109].
Effect sizes were calculated using an effect size calculator found at www.uccs.edu/~lbecker/.
Second, we calculated and report the results of sensitivity power analyses of all two-sample
tests using the online program GPower found at www.gpower.hhu.de/en.html. The sensitivity
power analyses calculated the minimum detectable effect sizes given the sample sizes of each
group in each independent samples t-test with α = 0.05 and 1-β = 0.80.
Third, we calculated Bayes factors to investigate whether the data supported the null or
alternative hypotheses we tested [110,111]. We calculated Bayes factors for independent
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samples t-tests using the online Bayes factor calculator found at http://pcl.missouri.edu/
bayesfactor. The calculator uses group sample sizes and t-values to calculate the Jeffreys-Zell-
ner-Siow-Bayes (JZSB) factor and reports whether the data provide support for either the null
or alternative hypotheses tested [110,111]. Last, we used Monte Carlo bootstrap methods [112]
to examine the reliability of the outcomes of the independent samples t-tests that detected sig-
nificantly smaller digit ratios in women that played sports that involved regular overhand
throwing (see Results). Our procedure was as follows. First, right and left hand 2D:4D and
2D:5D were resampled with replacement 1000 times producing 1000 bootstrap samples. Each
bootstrap sample, made up of 12 pairs of overhand throwing and non-overhand throwing sub-
jects, each of sample size 17 (the number of subjects that played overhand throwing sports)
was subjected to unpooled t-tests that tested the null hypothesis of no significant differences in
the digit ratios between women that played sports that involved regular overhand throwing
and those that did not. The proportion of t-tests that rejected the null hypothesis was recorded
and the mean of the 1000 t-tests produced a bootstrap estimate of the proportion of statistically
significant outcomes of the unpooled t-tests. Finally, this procedure was repeated 100 times to
produce bootstrap 95% confidence limits around the mean number of times each null hypoth-
esis was rejected for each digit ratio on each hand.
We used Random Forest analysis, a decision-tree based machine learning algorithm [113],
to further evaluate the relationship between digit ratio and athletic behavior and performance.
Briefly, Random Forest is a meta-learning algorithm which consists of many individual deci-
sion trees each of which “voted” on an overall classification for a given data set and chooses the
individual classification with the most votes. Each decision tree was built from a random sub-
set of the “training” dataset, using replacement, during this sampling. That is, some data were
included more than once in the sample, and others were not. In building each decision tree, a
model based on a different random subset of the training dataset and a random subset of the
available variables was used to choose how best to partition the dataset at each node. The result
of the analysis was a decision tree that represented the mode of the classification of the individ-
ual trees. Random Forest analyses reduce variance by averaging multiple decision trees that
have sampled different parts of the same data set. In summary, the resulting decision tree mod-
els of the Random Forest represent the final ensemble model where each decision tree votes
for the result and the majority wins. Random Forest analyses in this study produced trees for
each digit ratio that indicated the categories of athletic behavior and performance most associ-
ated with differences between groups in their digit ratios.
We used the results of the Random Forest analysis to determine the variables to examine in
a multiple linear regression analysis to further examine the relationship between digit ratios
and athletic behavior and performance. Based on the results of the Random Forest analysis, we
performed several multiple linear regression analyses by choosing either (a) overhand throw-
ing, contact sports, college athlete as independent variables and right 2D:4D as the dependent
variable, (b) overhand throwing, college athlete, and team sports and independent variables
and right 2D:5D as the dependent variable, (c) overhand throwing, contact sport, college ath-
lete, ball sports, and team sports as independent variables and left 2D:4D as the dependent var-
iable, or (d) overhand throwing, contact sports, and college athlete as independent variables
and left 2D:5D as the dependent variable.
Where appropriate, we used Holm-Bonferroni sequential corrections for multiple tests
[114,115] using a calculator found at www.researchgate.net/publication/236969037_Holm-
Bonferroni_Sequential_Correction_An_EXCEL_Calculator and report adjusted P values.
We used (a) SPSS 22.0 to perform one-way ANOVA, independent samples Welch’s t-tests,
intraclass correlations [116], analysis of covariance (ANCOVA), and Kolmogorov-Smirnov
tests [108], (b) SAS 9.4 to perform Monte Carlo boostrap analyses and multiple linear
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regressions [117], and (c) R to perform Random Forest analyses [118]. Data are reported as
mean ± SD. All tests were two-tailed testing the null hypothesis of no statistical difference
between compared groups. We considered differences between groups to be statistically signif-
icant if P 0.05. Except were otherwise indicated, the term “digit ratios” refer to the 2D:4D
and 2D:5D on both hands.
Results
We measured the hands of 258 women (77 non-athletes, 103 varsity athletes, 78 club athletes;
Table 1). First and second measurements of all digits were highly correlated (all r> 0.970, all
P< 0.001) and right- and left-hand digit lengths and ratios were significantly correlated (all
P< 0.05). All intra-class correlation coefficients were greater than 0.970 (all P< 0.001) for
digit lengths indicating that our measurements were reliable and measurement errors did not
obscure differences in digit ratios between groups [116]. We did not detect significant differ-
ences between the digit ratios of women of European (n = 246) or non-European descent
(n = 12) (all P 0.08) and the effect sizes in these comparisons were moderate (all d = 0.39–
0.54) so we pooled all subjects together for subsequent analyses. Moreover, including or
excluding women of non-European ancestry in our analyses would not have had an important
effect on our overall results because 7/12 (58%) participated in college sports (basketball
(n = 2), cheerleading (n = 1), soccer (n = 1), track and field/cross country (n = 3)), the remain-
der did not. Moreover, subjects of non-European ancestry made up only 7/181 (4%) of college
athletes and 5/77(6%) of non-athletes.
There were no statistically significant differences between non-athletes, varsity athletes, and
club athletes in digit ratios on each hand (all P 0.22, Table 1). The effect sizes for all of these
comparisons were negligible (all effect sizes, f 0.04). Moreover, there were no statistically sig-
nificant differences between non-athletes and college athletes (i.e., varsity and club athletes
combined) in their digit ratios on each hand (all P 0.12) or between varsity athletes and all
other students combined (all P 0.15). Each effect size was small (all d 0.19) and each JZSB
factor supported the null hypothesis of no difference between groups. Accordingly, all subjects
were pooled together for subsequent analyses. Women college athletes, varsity and club com-
bined, participated in the following sports; basketball (n = 14), cheerleading (n = 11), dance
team (n = 8), golf (n = 5), ice hockey (n = 12), lacrosse (n = 15), rowing (n = 11), rugby
Table 1. Digit ratios of female non-athletes, varsity athletes, and club athletes at Grand Valley State University.
H0: Non-athletes = varsity
athletes = club athletes
Digit Ratio Non-athletes Varsity athletes Club athletes F df P
Right hand
2D:4D 0.976 ± 0.041
(77)
0.973 ± 0.035
(103)
0.980 ± 0.029
(78)
0.82 2, 255 0.44
2D:5D 1.201 ± 0.068
(76)
1.205 ± 0.061
(102)
1.215 ± 0.045
(78)
1.41 2, 253 0.25
Left hand
2D:4D 0.974 ± 0.037
(77)
0.970 ± 0.032
(103)
0.978 ± 0.030
(78)
1.35 2, 255 0.26
2D:5D 1.187 ± 0.058
(77)
1.120 ± 0.057
(103)
1.203 ± 0.054
(77)
1.52 2, 254 0.22
Digit ratios are reported as mean ± SD (n).
https://doi.org/10.1371/journal.pone.0203685.t001
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(n = 16), soccer (n = 22), softball (n = 10), swimming (n = 8), synchronized skating (n = 4),
tennis (n = 8), track & field/cross country (n = 24), volleyball (n = 12), and water polo (n = 1).
For women that played sports in high school or college, there were no statistically signifi-
cant differences between women that played individual or team sports (all P 0.24), contact
or non-contact sports (all P 0.16), sports that involved a ball or not (all P 0.06), sports
where the outcome was determined by a score or the outcome of a race and those where the
outcome was determined subjectively by judges (all P 0.28), or were starters or reserves on
their respective athletic teams (all P 0.52) (Table 2). The effect sizes were small in each of
these comparisons and smaller than the minimum detectable effect sizes (Table 2) indicating
that our sample sizes were not large enough to detect significant differences between these
groups. However, each JZSB factor supported the null hypothesis of no difference between
groups (Table 2).
Women that played sports in high school (n = 6) or college (n = 11) that involved frequent
overhand throwing (i.e., softball or water polo) had significantly smaller digit ratios than
women that played sports either without overhand throwing or where overhand throwing is
infrequent (e.g., basketball) (all P 0.013) (Table 2). The differences between the digit ratios
of women that played overhand throwing sports and those that did not remained statistically
significant when subjected to Holm-Bonferroni sequential corrections for multiple tests (all
Padjusted = 0.024). None of the women of non-European descent played an overhand throwing
sport. For each digit ratio, the effect size was relatively large (d = 0.70–0.77) and the sensitivity
power analyses revealed that the minimal detectable effect sizes were smaller than those
detected for right and left 2D:4D, slightly greater than that detected for right 2D5D, and equal
for left 2D5D indicating that, in general, our sample sizes were large enough to detect signifi-
cant differences between the digit ratios of women that played overhand throwing sports and
those that did not. Finally, the JZSB factors supported the alternative hypothesis that the digit
ratios of women that played overhand throwing sports was not equal to those of women that
played other sports (Table 2). Further support for these results comes from several other
analyses.
First, when we performed a Holm-Bonferroni sequential corrections for multiple tests, the
differences between women that played overhand throwing sports and those that did not
remained statistically significant for right 2D:4D (Padjusted = 0.036), right 2D:5D (Padjusted =
0.048), and left 2D:4D (Padjusted = 0.036), but not for left 2D:5D (Padjusted = 0.078). Second, the
bootstrap analyses showed that the bootstrap 95% confidence intervals did not include 50%
frequency of rejection of the null hypothesis for each digit ratio. The relationship between digit
ratio and overhand throwing was strongest for right 2D:4D (left 2D:4D, 51.74–52.37%; left
2D:5D,56.45–57.08%; right 2D:4D, 61.87–62.43%; right 2D:5D, 50.05–50.68%). Second, the
Random Forest analyses produced a decision tree for each digit ratio that indicated that the
first decision node dividing the subjects into different groups was whether or not they played
an overhand throwing sport (Fig 1). Other important branching nodes in the trees included
(a) college athlete vs. non-college athlete (all digit ratios), contact vs. non-contact sports for
right 2D:4D, left 2D:4D, and left 2D:5D, (b) individual vs. team sports for right 2D:5D and left
2D:4D, and (c) ball vs. non-ball sport for left 2D:4D (Fig 1). Last, multiple linear regression
analyses revealed that whether or not a woman played an overhand throwing sport was the
only variable that made a statistically significant contribution to models that statistically ana-
lyzed the relationships between digit ratios and the variables chosen by the Random Forest
analyses as important categories of athletic behavior and performance (Table 3). However,
after a Holm-Bonferroni sequential correction for multiple tests only right 2D:4D remained
statistically significant (Padjusted = 0.006) an outcome that is consistent with the results of the
Monte Carlo Bootstrap analyses described above.
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Table 2. Digit ratios and the athletic behavior of women students at Grand Valley State University.
Category of athletic behavior Right 2D:4D Right 2D:5D Left 2D:4D Left 2D:5D
Played individual sport 0.980 ± 0.035 (63) 1.210 ± 0.058 (63) 0.974 ± 0.031 (63) 1.194 ± 0.058 (63)
Played team sport 0.974 ± 0.036 (178) 1.204 ± 0.055 (176) 0.972 ± 0.057 (178) 1.195 ± 0.057 (177)
H0: Individual sport = team sport t111.88 = 1.20 t103.86 = 0.72 t115.22 = 0.40 t107.26 = 0.05
P = 0.23 P = 0.48 P = 0.69 P = 0.96
d = 0.17 d = 0.11 d = 0.06 d = 0.02
mdes = 0.53 mdes = 0.53 mdes = 0.53 mdes = 0.53
JZSB = 3.22 JZSB = 4.93 JZSB = 5.83 JZSB = 6.27
Null Null Null Null
Played non-contact sport 0.978 ± 0.037 (160) 1.207 ± 0.056 (159) 0.973 ± 0.033 (160) 1.195 ± 0.059 (159)
Played contact sport 0.972 ± 0.034 (88) 1.203 ± 0.056 (87) 0.974 ± 0.032 (88) 1.195 ± 0.054 (88)
H0: Non-contact sport = Contact sport t192.66 = 1.43 t175.18 = 0.48 t186.85 = 0.21 t192.20 = 0.13
P = 0.15 P = 0.63 P = 0.84 P = 0.90
d = 0.17 d = 0.07 d = 0.03 d = 0.00
mdes = 0.48 mdes = 0.48 mdes = 0.48 mdes = 0.48
JZSB = 2.64 JZSB = 6.16 JZSB = 6.76 JZSB = 6.84
Null Null Null Null
Played non-ball sport 0.979 ± 0.034 (90) 1.207 ± 0.054 (90) 0.979 ± 0.032 (90) 1.197 ± 0.058 (89)
Played ball sport 0.974 ± 0.037 (158) 1.205 ± 0.057 (156) 0.970 ± 0.033 (158) 1.193 ± 0.057 (158)
H0: Non-ball sport = Ball sport t197.97 = 1.17 t193.89 = 0.22 t189.50 = 1.89 t179.92 = 0.51
P = 0.25 P = 0.83 P = 0.06 P = 0.61
d = 0.14 d = 0.04 d = 0.28 d = 0.07
mdes = 0.48 mdes = 0.48 mdes = 0.48 mdes = 0.48
JZSB = 3.66 JZSB = 6.76 JZSB = 1.29 JZSB = 6.11
Null Null Null Null
Played non-overhand throwing sport 0.978 ± 0.035 (241) 1.209 ± 0.056 (239) 0.975 ± 0.033 (241) 1.198 ± 0.056 (240)
Played overhand throwing sport 0.951 ± 0.035 (17) 1.172 ± 0.050 (17) 0.952 ± 0.029 (17) 1.157 ± 0.060 (17)
H0: Non-overhand throwing sport = Overhand throwing sport t18.36 = 3.07 t19.03 = 2.70 t18.59 = 3.12 t18.02 = 2.75
P = 0.006 P = 0.008 P = 0.006 P = 0.013
d = 0.77 d = 0.70 d = 0.74 d = 0.71
mdes = 0.71 mdes = 0.71 mdes = 0.71 mdes = 0.71
JZSB = 14.25 JZSB = 5.69 JZSB = 16.28 JZSB = 6.39
Alternative Alternative Alternative Alternative
Scored sport 0.976 ± 0.036 (218) 1.206 ± 0.055 (216) 0.972 ± 0.035 (218) 1.192 ± 0.056 (217)
Judged sport 0.975 ± 0.037 (27) 1.202 ± 0.061 (27) 0.979 ± 0.035 (27) 1.206 ± 0.060 (27)
H0: Scored sport = Judged sport t32.34 = 0.18 t31.68 = 0.27 t31.66 = 1.00 t31.86 = 1.10
P = 0.86 P = 0.79 P = 0.32 P = 0.28
d = 0.03 d = 0.07 d = 0.20 d = 0.03
mdes = 0.57 mdes = 0.57 mdes = 0.57 mdes = 0.57
JZSB = 4.59 JZSB = 4.51 JZSB = 3.00 JZSB = 2.73
Null Null Null Null
Starter on athletic team 0.977 ± 0.036 (192) 1.207 ± 0.056 (191) 0.973 ± 0.033 (192) 1.194 ± 0.054 (191)
Reserve on athletic team 0.973 ± 0.033 (51) 1.203 ± 0.033 (50) 0.974 ± 0.034 (51) 1.196 ± 0.065 (51)
H0: Starter = Reserve t84.53 = 0.68 t42.32 = 0.39 t75.53 = 0.27 t69.70 = 0.14
P = 0.52 P = 0.70 P = 0.78 P = 0.88
d = 0.12 d = 0.07 d = 0.03 d = 0.03
mdes = 0.44 mdes = 0.44 mdes = 0.44 mdes = 0.44
(Continued)
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Finally, we did not find evidence that the differences between the digit ratios of women that
played overhand throwing sports and those that did not were due to scaling effects. First,
women that playing throwing sports did not have statistically longer fingers than women who
did not play throwing sports (Table 4). Second, when we performed four separate ANCOVAs
setting for each the digit ratio on each hand as the dependent variable, whether women played
a throwing sport or not as the fixed effect, and mean finger length on each hand as the covari-
ate the statistical differences between the digit ratios of women that played throwing sports
and those that did not remained. Moreover, the differences remained statistically significant
after we performed a Holm-Bonferroni sequential correction for multiple tests (Table 5).
Discussion
Only one of our eight hypotheses was supported: women who played sports that required fre-
quent overhand throwing had statistically smaller digit ratios on each hand than those that
played other sports. Our small sample of women that played overhand throwing sports
requires that this result be verified by future studies. However, our confidence that our finding
reflects a real difference between these groups in their prenatal testosterone exposure is rein-
forced for several reasons. First, we found significant differences between the groups for
2D:4D and 2D:5D on each hand, the effect sizes were large, the sensitivity power analyses
revealed that our sample sizes, although unbalanced, were generally large enough to detect dif-
ferences between the groups, the results did not change when we accounted for multiple tests
using Holm-Bonferroni sequential corrections for multiple tests, and the JZSB factors sup-
ported the alternative hypothesis of a difference between groups for digit ratios on each hand.
Second, the Random Forest analysis produced decision trees for each digit ratio that indicated
that the first decision node dividing the subjects into different groups based on their digit
ratios was whether or not they played an overhand throwing sport. Third, the multiple linear
regression analyses revealed that whether or not a woman played an overhand throwing sport
was the only variable that made a statistically significant contribution to the models that statis-
tically analyzed the relationships between digit ratios and the variables chosen by the Random
Forest analyses as important categories of athletic behavior and performance associated with
the digit ratios of women student-athletes at GVSU. Last, the differences between the digit
ratios of women that played overhand throwing sports and those that did not were not due to
scaling effects: women that played throwing sports did not have longer fingers than those that
did not.
We suggest two non-mutually exclusive hypotheses to explain why women that played
overhand throwing sports had smaller digit ratios than those that did not. First, prenatal testos-
terone exposure may have resulted in an anatomy and physiology that led to success at playing
overhand throwing sports. Second, prenatal testosterone exposure may have psychologically
Table 2. (Continued)
Category of athletic behavior Right 2D:4D Right 2D:5D Left 2D:4D Left 2D:5D
JZSB = 4.75 JZSB = 5.44 JZSB = 5.69 JZSB = 5.82
Null Null Null Null
See text for definitions of different categories of athletic behavior. Digit ratios are reported as mean ± SD (n). tdf = Welch’s t. d = effect size. mdes = minimal detectable
effect size given the reported sample sizes, α = 0.05, and 1-β = 0.80. JZSB = Jeffreys-Zellner-Siow Bayes factor that reports whether the data provide support for either the
null or alternative hypotheses.
https://doi.org/10.1371/journal.pone.0203685.t002
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Fig 1. Random Forest regression trees predicting the digit ratios of women based on their athletic behavior. The regression trees illustrate the variables the
Random Forest regression analyses identified to be important for sorting subjects by their digit ratios. The topmost node of each tree represents the most
important explanatory variable sorting subjects by their digit ratios. For each digit ratio, the left-hand branch of the topmost node of each tree represents the 17
women that play or played sports (softball, water polo) that required frequent overhand throwing. Subsequent nodes represent the variables that significantly
contributed to the model’s explanatory power. Terminal nodes suggest a natural clustering of homogenous groups. Values at each “leaf” represents the mean
digit ratio of the observations (n) that were sorted by the regression analysis.
https://doi.org/10.1371/journal.pone.0203685.g001
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predisposed women to playing these kinds of sports. Historically, overhand throwing was an
important component of male success in combat and hunting and may the at the root of the
evolution of the well-established sex differences in throwing speed, distance, and accuracy
[119] [119,120]. Therefore, it would be interesting to determine if males (a) that play overhand
throwing sports have smaller digit ratios than those males that play sports that do not require
overhand throwing and (b) with superior throwing ability (i.e., throw faster, farther, and more
accurately) have smaller digit ratios than those with poorer throwing ability. The results of
such a study would help reveal the relationship between prenatal testosterone exposure and
throwing ability.
Our results indicate that digit ratios were not very accurate overall predictors of the athletic
behavior and performance of the college-age women in this sample. We found no significant
differences between athletes and non-athletes in digit ratios. This result is consistent with
some studies [31,57,61,121] but not others [31,36,37,45,58,60,61,78,122–127]. These inconsis-
tent findings suggest that prenatal testosterone exposure may have different effects on the
development of traits associated with athletic prowess in males and females. For example,
some studies show that smaller digit ratios are associated with superior performance at run-
ning long distances in both men and women [36,45] and may be associated with maximal oxy-
gen uptake [35]. In contrast, the effects of prenatal testosterone exposure on adult hand grip
Table 3. Results of multiple linear regression analyses examining the relationships between digit ratios and the athletic behavior and performance of women stu-
dent-athletes at Grand Valley State University.
Right 2D:4D Right 2D:5D Left 2D:4D Left 2D:5D
Wald χ2 P Wald χ2 P Wald χ2 P Wald χ2 P
Overall model 9950.7 < 0.001 7477.5 < 0.001 10670.47 < 0.001 5882.5 < 0.001
Overhand throwing 10.47 0.001 5.51 0.02 4.87 0.03 7.34 0.01
Contact sport 3.08 0.08 - - - - 0.59 0.44 0.21 0.86
College athlete 0.07 0.79 2.60 0.11 0.004 0.95 3.30 0.07
Ball sport - - - - - - - - 2.07 0.15 - - - -
Team sport - - - - 0.19 0.66 0.09 0.76 - - - -
The variables examined for each digit ratio in the regression analyses were chosen for inclusion in each model based on the variables determined by Random Forest
analyses to be most associated with differences in digit ratios between subjects as classified by different categories of their athlete behavior (see Fig 1). Statistically
significant associations are indicated with bold font. All df = 1.
https://doi.org/10.1371/journal.pone.0203685.t003
Table 4. Finger lengths of women students at Grand Valley State University.
Finger Finger length of women that played overhand throwing
sports
Finger length of women that played non-overhand throwing
sports
Welch’s t df P
Right
2D
73.92 ± 5.72 (17) 73.92 ± 4.58 (241) 0.003 17.48 0.99
Right
4D
77.74 ± 5.41 (17) 75.64 ± 4.68 (241) 1.55 17.73 0.14
Right
5D
63.08 ± 4.02 (17) 61.22 ± 4.30 (239) 1.83 18.71 0.08
Left 2D 73.87 ± 5.14 (17) 73.58 ± 4.46 (241) 0.27 17.74 0.82
Left 4D 77.62 ± 5.25 (17) 75.51 ± 4.68 (241) 1.62 17.85 0.12
Left 5D 63.88 ± 4.61 (17) 61.49 ± 4.25 (240) 2.07 17.98 0.05
Finger lengths (mm) reported as means ± SD (n). The Welch t-test for left 5D became statistically insignificant after performing a Holm-Bonferroni sequential
correction for multiple tests, Padjusted = 0.30.
https://doi.org/10.1371/journal.pone.0203685.t004
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strength are not consistent across the sexes with 2D:4D being negatively correlated with hand
grip strength in college-aged men but not women [128].
We did not detect statistically significant relationships between digit ratios and whether
women had played or were currently playing individual or team sports, contact sports, sports
involving a ball, sports where the outcome was determined by a score or the outcome of direct
physical competition or a subjectively by judges, or were starters or reserves on their teams.
The differences between the digit ratios of the subjects in these categories of athletic behaviors
were in the predicted direction in some cases but not others (Tables 1 and 2). However, for
each comparison the minimal detectable effect sizes calculated by the sensitivity power analy-
ses were greater than those we detected indicating that that our sample sizes were not large
enough to detect statistically significant differences between these groups. However, the JZSB
factors supported the null hypothesis of no difference between groups thereby contributing to
our confidence in our interpretations. However, two predictors approached having significant
effects on the multiple regression models in the direction of our predictions (Table 3). Consis-
tent with our prediction, smaller right hand 2D:4D was associated with playing a contact sport
and smaller left 2D:5D was associated with being a college athlete. Larger sample sizes could
help clarify these relationships. Nevertheless, these results collectively suggest that prenatal tes-
tosterone exposure may have different organizational effects on the physiology and brains of
developing females and males. Exposure to testosterone during development permanently
affects the organization of the brain influencing subsequent patterns of behavior including,
but not restricted to, aggression, gender orientation, interests, sexual orientation, and spatial
abilities [44,129,130]. For example, we did not find a relationship between digit ratios and
whether a woman played team or individual sports. In contrast, men at a Polish military acad-
emy that participated in individual sports (e.g., martial arts, running, swimming) had smaller
digit ratios than men that participated in team sports (e.g., soccer, basketball, team handball,
volleyball) [131], an outcome opposite of our prediction for women. The result of the study in
the Polish military academy suggests that, at least for men, prenatal testosterone exposure may
predispose men to participate in sports in which individual males compete directly with oth-
ers. This hypothesis requires further testing.
The explanatory value of our study is possibly limited because we did not collect data on
two variables that might have helped us clarify the relationship between digit ratios and the
athletic behavior and performance of women students at GVSU. First, we did not record the
dominant and non-dominant hands of our subjects. In one study, women college athletes had
smaller digit ratios on their dominant hand than did non-athletes [58]. However, we do not
think that data on the dominant hands of our subjects would have significantly altered our
results because approximately 90% of the population is right-handed and left-handedness is
Table 5. Results of ANCOVAs comparing the digit ratios of women that played overhand playing sports with those that did not.
Digit Ratio B ± SE 95% C.I. Wald χ2 P Model χ2 P
Right 2D4D 0.027 ± 0.009 0.010–0.044 9.45 0.002 9.28 0.010
Right 2D5D 0.036 ± 0.014 0.009–0.063 6.73 0.009 10.27 0.006
Left 2D4D 0.023 ± 0.008 0.007–0.093 7.67 0.006 8.48 0.014
Left 2D5D 0.038 ± 0.014 0.011–0.065 7.63 0.006 14.83 0.006
ANCOVAs was performed with digit ratios as the dependent variables, whether or not a women played an overhand throwing sport as a fixed effect and mean finger
lengths as covariates. All Wald χ2 df = 1. All Wald χ2 P remained statistically significant after performing a Holm-Bonferroni sequential correction for multiple tests:
Right 2D4D, Padjusted = 0.008; Right 2D5D, Padjusted = 0.018; Left 2D4D, Padjusted = 0.018; Left 2D5D, Padjusted = 0.018. All Model χ
2 df = 2. All model χ2 P remained
statistically significant after performing a Holm-Bonferroni sequential correction for multiple tests all Padjusted = 0.024.
https://doi.org/10.1371/journal.pone.0203685.t005
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less common in females than in males [132]. Therefore, it is likely that over 90% of the subjects
in any of our sub-populations were right-handed. Given the very small effect sizes we detected
in most comparisons between different categories of athletic behavior (Table 2), we think it
unlikely that further subdividing our subject pool by analyzing subjects’ digit ratios by domi-
nant and non-dominant hands would have revealed significant differences among the
subpopulations.
Second, when we obtained images of the subjects’ hands we did not record the phase of
their menstrual cycle if they happened to be normally cycling or, if they were not normally
cycling and were using hormonal contraceptive, the type of hormonal contraceptive (e.g.,
monophasic or triphasic), and the day of oral contraceptive use. Menstrual cycling and hor-
monal contraceptive use and type may be confounding factors in the study of 2D:4D in pre-
menopausal women because evidence suggests that in normally cycling women 2D:4D
increases on the left, but not right, hand, during the pre-ovulatory (i.e., follicular) phase of the
cycle and declines thereafter due to the effects of changing estrogen levels on bone and soft tis-
sues [133]. In contrast, 2D:4D significantly changes on the right, but not left, hand across the
28-day course of hormonal contraceptive use [133]. However, we don’t think that this lack of
data had a confounding effect on our results because most of the subjects were likely to be
using hormonal contraceptives. The majority of female college athletes may use hormonal con-
traceptive pills to avoid menstruation during training or competition [134] and approximately
34% of college-aged women in the USA use hormonal contraceptive pills (~27%) or other
kinds of hormonal contraception (~7%) [135]. Nevertheless, future studies could benefit by
taking into account the hormonal state of a woman when calculating her digit ratio because of
the subtle effects of changing circulating estrogen levels on digit length and symmetry
[1,133,136]. Indeed, because of these effects, measures of 2D:4D in women may not be able to
reliably detect differences between groups without controlling for the hormonal state of sub-
jects [133]. Therefore, not controlling for the hormonal state of women subjects during digit
ratio measurements may be the reason for inconsistent findings in the literature about the rela-
tionship between digit ratios and athletic behavior and performance in women.
Finally, our measurement methods may have influenced our results. We indirectly mea-
sured finger lengths using scans. A review of published digit ratio data showed that indirectly
measuring 2D:4D tends to reduce the digit ratio with the effect being larger for females than
for males [100]. However, we are confident that our measurement methods did not signifi-
cantly affect our results because we (a) followed Ribeiro et al.’s recommendation and ensured
that subjects lightly placed their hands on our scanner [100] and (b) made computer assisted
measurements of digit lengths, the most accurate and consistent way to measure digits [99].
Despite these potential limitations, we detected a strong relationship between digit ratio
and participation in overhand throwing sports further strengthening support for the hypothe-
sis that prenatal testosterone exposure may predispose females for participation in sports that
involve frequent overhand throwing. Because throwing is a skill historically related to the use
of projectile weapons in combat and hunting [119,119] and is better developed in boys and
men than in girls and women [19,89], our results suggest that prenatal testosterone exposure
may influence the development of throwing in ability.
Conclusions
Our results suggest that the relationships between digit ratio and athletic performance and
behavior in women are complex and that prenatal testosterone exposure may have specific
rather than general effects on the athletic ability of women. Some studies report significant
associations between digit ratio and physical fitness and athletic achievement in women
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[31,36,37,45,56,58,60,61,78,122–127] while others do not [36,57,60,61,78,128,137–142]. There-
fore, digit ratio alone may not be an accurate predictor of the effects of prenatal exposure of
testosterone on the traits commonly associated with athletic behavior and performance in
women and suggests that other, non-innate, factors (e.g., socialization) may also be important.
Observations that the relationship between digit ratio and athletic prowess in men tends to be
stronger than in women suggests that there has been stronger selection on males than females
for the various testosterone-influenced traits that result in athletic prowess in the present. Tes-
tosterone-influenced traits associated with superior athletic prowess in the present are also
associated with superiority in physical competition, combat, and hunting, endeavors that were
and continue to be practiced more often by males than by females [53,143–146].
Acknowledgments
We thank GVSU coaches and their student-athletes for the enthusiastic participation in this
project. R. Deaner, J. Manning, P. Thorpe, M. Voracek and two anonymous reviewers pro-
vided comments that helped us improve the manuscript.
Author Contributions
Conceptualization: Michael P. Lombardo.
Data curation: Michael P. Lombardo.
Formal analysis: Michael P. Lombardo, Sango Otieno, Adam Heiss.
Writing – original draft: Michael P. Lombardo.
Writing – review & editing: Michael P. Lombardo, Sango Otieno, Adam Heiss.
References
1. Manning JT, Scutt D, Wilson J, Lewis-Jones DI (1998) The ratio of 2nd to 4th digit length: a predictor of
sperm numbers and concentrations of testosterone, luteinizing hormone and oestrogen. Human
Reproduction 13: 3000–3004. PMID: 9853845
2. Talarovicova´ A, Krskova´ L, Blazekova´ J (2009) Testosterone enhancement during pregnancy influ-
ences the 2D:4D ratio and open field motor activity of rat siblings in adulthood. Hormones and Behavior
55: 235–239. https://doi.org/10.1016/j.yhbeh.2008.10.010 PMID: 19022257
3. Zheng Z, Cohn MJ (2011) Developmental basis of sexually dimorphic digit ratios. Proceedings of the
National Academy of Sciences, USA 108: 16289–16294.
4. Auger J, Le Denmat D, Berges R, Doridot L, Salmon B, Canivenc-Lavier M et al. (2013) Environmental
levels of estrogenic and antiandrogenic compounds feminize digit ratios in male rats and their unex-
posed male progeny. Proceeding of the Royal Society: Biological Sciences 280: 20131532.
5. Manning JT, Callow M, Bundred PE (2003) Finger and toe ratios in humans and mice: implications for
the aetiology of diseases influenced by HOX genes. Medical Hypotheses 60: 340–343. PMID:
12581609
6. Lolli L, Batterham AM, Kratochvil L, Flegr J, Weston KL, Atkinson G (2017) A comprehensive allome-
tric analysis of 2nd digit length to 4th digit length in humans. Proceeding Royal Society B 284: https://
doi.org/10.1098/rspb.2017.0356 PMID: 28659446
7. Kratochvil L, Flegr J (2009) Differences in the 2nd to 4th length ratio in humans reflect shifts along the
common allometric line. Biology Letters 5: 643–646. https://doi.org/10.1098/rsbl.2009.0346 PMID:
19553247
8. Forstmeier W (2018) Avoiding misinterpretation of regression lines in allometry: is sexual dimorphism
in digit ratio spurious. bioRxiv http://dx.doi.org/10.1101/298786.
9. Manning JT (2010) Digit ratio (2D: 4D), sex differences, allometry, and finger length of 12–30-year
olds: Evidence from the British Broadcasting Corporation (BBC) internet study. American Journal of
Human Biology 22: 604–608. https://doi.org/10.1002/ajhb.21051 PMID: 20737606
College-aged women in the United States that play overhand throwing sports have masculine digit ratios
PLOS ONE | https://doi.org/10.1371/journal.pone.0203685 September 13, 2018 17 / 23
10. Malas MA, Dogan S, Evcil EH, Desdicioglu K (2006) Fetal development of the hand, digits and digit
ratio (2D: 4D). Early human development 82: 469–473. https://doi.org/10.1016/j.earlhumdev.2005.12.
002 PMID: 16473482
11. Abramovich DR (1974) Human sexual differentiation—in utero influences. Journal of Obstetrics and
Gynaecology of the British Commonwealth 81: 448–453. PMID: 4407079
12. Manning JT (2012) Sex differences and age changes in digit ratios: implications for the use of digit
ratios in medicine and biology. In: Preedy VR, editor. Handbook of anthropometry: physical measures
of human form in health and disease. New York, NY: Springer Science+Business Media. pp. 841–
851.
13. McIntyre MH, Ellison PT, Lieberman DE, Demerath E, Towne B (2005) The development of sex differ-
ences in digital formula from infancy in the Fels longitudinal study. Proceedings of the Royal Society of
London Series B 272: 1473–1479. https://doi.org/10.1098/rspb.2005.3100 PMID: 16011922
14. Trivers RL, Manning J, Jacobson A (2006) A longitudinal study of digit ratio (2D: 4D) and other finger
ratios in Jamaican children. Journal of Sports Sciences 49: 150–156.
15. Garn SM, Burdi AR, Babler WJ, Stinson S (1975) Early prenatal attainment of adult metacarpal-pha-
langeal rankings and proportions. American Journal of Physical Anthropology 43: 327–332. https://
doi.org/10.1002/ajpa.1330430305 PMID: 1211429
16. Brown WM, Finn CJ, Cooke BM, Breedlove MJ (2002) Differences in finger length ratios between self-
identified “butch” and “femme” lesbians. Archives of Sexual Behavior 31: 123–127. PMID: 11910785
17. Manning JT (2002) Digit ratio. New Brunswick, NJ: Rutgers University Press.
18. Lutchmaya S, Baron-Cohen S, Raggatt P, Knickmeyer R, Manning JT (2004) 2nd to 4th digit ratios,
fetal testosterone and estradiol. Early Human Development 77: 23–28. https://doi.org/10.1016/j.
earlhumdev.2003.12.002 PMID: 15113628
19. Thomas JR, French KE (1985) Gender differences across age in motor performance: a meta-analysis.
Psychological Bulletin 98: 150–155.
20. Ungerleider S (2001) Faust’s gold: inside the East German doping machine. New York, NY: Thomas
Dunne Books.
21. Yesalis CE, Courson SP, Wright JE (2000) History of anabolic steroid use in sport and exercise. In:
Yesalis CE, editor. Anabolic steroids in sport and exercise. Champaign, IL: Human Kinetics. pp. 51–
71.
22. Manning JT, Bundred PE, Taylor R (2003) The ratio of 2nd and 4th digit length: a prenatal correlate of
ability in sport. Kinanthropometry VIII London: Roudledge 165–174.
23. Golby J, Meggs J (2011) Exploring the organizational effect of prenatal testosterone upon the sporting
brain. Journal of Sports Science and Medicine 10: 445–451. PMID: 24150616
24. Reed S, Meggs J (2017) Examining the effect of prenatal testosterone and aggression on sporting
choice and sporting longevity. Personality and Individual Differences 116: 11–15.
25. Manning JT, Morris L, Caswell N (2007) Endurance running and digit ratio (2D: 4D): implications for
fetal testosterone effects on running speed and vascular health. American Journal of Human Biology
19: 416–421. https://doi.org/10.1002/ajhb.20603 PMID: 17420996
26. Manning JT, Hill MR (2009) Digit ratio (2D:4D) and sprinting speed in boys. American Journal of
Human Biology 21: 210–213. https://doi.org/10.1002/ajhb.20855 PMID: 19107924
27. Ho¨nekopp J, Rudolph U, Beier L, Liebert A, Mu¨ller C (2007) Physical attractiveness of face and body
as indicators of physical fitness in men. Evolution and Human Behavior 28: 106–111.
28. Fink B, Thanzami V, Seydel H, Manning JT (2006) Digit ratio and hand-grip strength in German and
Mizos men: Cross-cultural evidence for an organizing effect of prenatal testosterone on strength.
American Journal of Human Biology 18: 776–782. https://doi.org/10.1002/ajhb.20549 PMID:
17039475
29. Tomkinson JJ, Tomkinson GR (2017) Digit ratio (2D:4D) and muscular strength in adolescent boys.
Early Human Development 113: 7–9. https://doi.org/10.1016/j.earlhumdev.2017.07.013 PMID:
28697407
30. Tester N, Campbell A (2007) Sporting achievement: what is the contribution of digit ratio? Journal of
Personality 75: 663–677. https://doi.org/10.1111/j.1467-6494.2007.00452.x PMID: 17576354
31. Pokrywka L, RachońD, Suchecka-Rachoń K, Bitel L (2005) The second to fourth digit ratio in elite and
non-elite female athletes. American Journal of Human Biology 17: 796–800. https://doi.org/10.1002/
ajhb.20449 PMID: 16254897
32. Manning JT (2002) The ratio of 2nd to 4th digit length and performance in skiing. Journal of Sports
Medicine and Physical Fitness 42: 446–450. PMID: 12391439
College-aged women in the United States that play overhand throwing sports have masculine digit ratios
PLOS ONE | https://doi.org/10.1371/journal.pone.0203685 September 13, 2018 18 / 23
33. Ho¨nekopp J, Manning JT, Mu¨ller C (2006) Digit ratio (2D:4D) and physical fitness in males and
females: evidence of effects of prenatal androgens on sexually selected traits. Hormones and Behav-
ior 49: 545–549. https://doi.org/10.1016/j.yhbeh.2005.11.006 PMID: 16403410
34. Manning JT, Taylor RP (2001) Second to fourth digit ratio and male ability in sport: implications for sex-
ual selection in humans. Evolution and Human Behavior 22: 61–69. PMID: 11182575
35. Hill R, Simpson B, Manning J, Kilduff L (2012) Right–left digit ratio (2D: 4D) and maximal oxygen
uptake. Journal of Sports Sciences 30: 129–134. https://doi.org/10.1080/02640414.2011.637947
PMID: 22141747
36. Paul SN, Kato BS, Hunkin JL, Vivekanandan S, Spector TD (2006) The Big Finger: the second to
fourth digit ratio is a predictor of sporting ability in women. British Journal of Sports Medicine 40: 981–
983. https://doi.org/10.1136/bjsm.2006.027193 PMID: 17008344
37. Trivers R, Hopp R, Manning J (2013) A longitudinal study of digit ratio (2D: 4D) and Its relationships
with adult running speed in Jamaicans. Human Biology 85: 623–626. https://doi.org/10.3378/027.085.
0409 PMID: 25019194
38. Deaner RO, Balish SM, Lombardo MP (2016) Sex differences in sports interest and motivation: an
evolutionary perspective. Evolutionary Behavioral Sciences 10: 73–97.
39. Humphreys AP, Smith PK (1987) Rough-and-tumble play, friendship, and dominance in school chil-
dren: evidence for continuity and change with age. Child Development 58: 201–212.
40. Pellegrini AD (1995) Boys’ rough-and-tumble play and social competence: contemporaneous and
longitudtinal relations. In: Pellegrini AD, editor. The future of play theory: a multidisciplinary inquiry into
the contributions of Brian Sutton-Smith. Albany, NY: State University of New York Press. pp. 106–
126.
41. Cardoso FL (2009) Recalled sex-typed behavior in childhood and sports preferences in adulthood of
heterosexual, bisexual, and homosexual men from Brazil, Turkey, and Thailand. Archives of Sexual
Behavior 38: 726–736. https://doi.org/10.1007/s10508-008-9312-6 PMID: 18340519
42. Giuliano TA, Popp KE, Knight JL (2000) Footballs versus barbies: Childhood play activities as predic-
tors of sport participation by women. Sex Roles 42: 159–181.
43. Frise´n L, Nordenstro¨m A, Falhammar H, Filipsson H, Holmdahl G, Janson PO et al. (2009) Gender
role behavior, sexuality, and psychosocial adaptation in women with congenital adrenal hyperplasia
due to CYP21A2 deficiency. Clinical Endocrinology & Metabolism 94: 3432–3439.
44. Berenbaum SA, Beltz AM (2011) Sexual differentiation of human behavior: Effects of prenatal and
pubertal organizational hormones. Frontiers in Neuroendocrinology 32: 183–200. https://doi.org/10.
1016/j.yfrne.2011.03.001 PMID: 21397624
45. Ho¨nekopp J, Schuster M (2010) A meta-analysis on 2D:4D and athletic prowess: substantial relation-
ships but neither hand out-predicts the other. Personality and Individual Differences 48: 4–10.
46. Paul SN, Kato BS, Cherkas LF, Andrew T, Spector TD (2006) Heritability of the second to fourth digit
ratio (2d:4d): A twin study. Twin Research in Human Genetics 9: 215–219.
47. Berenbaum SA, Snyder E (1995) Early hormonal influences on childhood sex-typed activity and play-
mate preferences: Implications for the development of sexual orientation. Developmental Psychology
31: 31–42.
48. Berenbaum SA (1999) Effects of early androgens on sex-typed activities and interests in adolescents
with congenital adrenal hyperplasia. Hormones and Behavior 35: 102–110. https://doi.org/10.1006/
hbeh.1998.1503 PMID: 10049608
49. Brake DL (2010) Getting in the game: Title IX and the women’s sports revolution. New York, NY: NYU
Press.
50. Hogshead-Makar N, Zimbalist A (2007) Equal play: Title IX and social change. Philadelphia, PA:
Temple University Press.
51. Sabo D, Veliz P (2008) Go out and play: youth sports in America. East Meadow, NY: Women’s Sports
Foundation.
52. Fredericks J, Eccles J (2005) Family socialization, gender, and sport motivation and involvement.
Journal of Sport & Exercise Psychology 27: 3–31.
53. Deaner RO, Smith BA (2012) Sex differences in sports across 50 societies. Cross-Cultural Research
3: 268–309.
54. Balish SM, Rainham D, Blanchard C (2016) Digit-ratio (2D: 4D) predicts youth sport motivation through
feelings of self-assurance. Journal of Exercise, Movement, and Sport 48: 1.
55. Deaner RO, Geary DC, Puts DA, Ham SA, Kruger J, Fles E et al. (2012) A sex difference in the predis-
position for physical competition: males play sports much more than females even in contemporary U.
S. PLoS ONE 7: e49168. https://doi.org/10.1371/journal.pone.0049168 PMID: 23155459
College-aged women in the United States that play overhand throwing sports have masculine digit ratios
PLOS ONE | https://doi.org/10.1371/journal.pone.0203685 September 13, 2018 19 / 23
56. Dyer M, Short SE, Short M, Manning JT, Tomkinson GR (2017) Relationships between the second to
fourth digit ratio (2D:4D) and game-related statistics in semi-professional female basketball players.
American Journal of Human Biology e23070. https://doi.org/10.1002/ajhb.23070 PMID: 29024156
57. Peeters MW, Claessens AL (2013) Digit ratio (2D: 4D) and competition level in world-class female
gymnasts. Journal of Sports Sciences 31: 1302–1311. https://doi.org/10.1080/02640414.2013.
779741 PMID: 23506462
58. Giffin NA, Kennedy RM, Jones ME, Barber CA (2012) Varsity athletes have lower 2D: 4D ratios than
other university students. Journal of Sports Sciences 30: 135–138. https://doi.org/10.1080/02640414.
2011.630744 PMID: 22132823
59. Voracek M, Reimer B, Dressler SG (2010) Digit ratio (2D:4D) predicts sporting success among female
fencers independent from physical, experience, and personality factors. Scandinavian Journal of Medi-
cine & Science in Sports 20: 853–860.
60. Besco´s R, Esteve M, Porta J, Mateu M, Irurtia A, Voracek M (2009) Prenatal programming of sporting
success: associations of digit ratio (2D:4D), a putative marker for prenatal androgen action, with world
rankings in female fencers. Journal of Sports Sciences 27: 625–632. https://doi.org/10.1080/
02640410802707029 PMID: 19308788
61. Latourelle SM, Elwess NL, Elwess JM (2008) Finger forecasting: a pointer to athletic prowess in
women a preliminary investigation by an undergraduate biology class. The American Biology Teacher
70: 411–414.
62. Crewther B, Cook CJ, Kilduff L, Manning J (2015) Digit ratio (2D:4D) and salivary testosterone, oestra-
diol and cortisol levels under challenge: evidence for prenatal effects on adult endocrine responses.
Early Human Development 91: 451–456. https://doi.org/10.1016/j.earlhumdev.2015.04.011 PMID:
26025335
63. Buskens V, Raub W, van Miltenburg N, Montoya ER, van Honk J (2016) Testosterone administration
moderates effect of social environment on trust in women depending on second-to-fourth digit ratio.
Science Reports 6: 27655.
64. Carre´ JM, Ortiz TL, Labine B, Moreau BJ, Viding E, Neumann CS et al. (2015) Digit ratio (2D:4D) and
psychopathic traits moderate the effect of exogenous testosterone on socio-cognitive processes in
men. Psychoneuroendocrinology 62: 319–326. https://doi.org/10.1016/j.psyneuen.2015.08.023
PMID: 26356040
65. Chen C, Decety J, Huang PC, Chen CY, Cheng Y (2016) Testosterone administration in females mod-
ulates moral judgement and patterns of brain activation and functional connectivity. Human Brain Map-
ping 37: 3417–3430. https://doi.org/10.1002/hbm.23249 PMID: 27145084
66. Eisenegger C, Naef M, Snozzi R, Heinrichs M, Fehr E (2010) Prejudice and truth about the effect of
testosterone on human bargaining behaviour. Nature 463: 356–359. https://doi.org/10.1038/
nature08711 PMID: 19997098
67. Archer J (2004) Sex differences in aggression in real-world settings: a meta-analytic review. Review of
General Psychology 8: 291–322.
68. Archer J (2006) Testosterone and human aggression: an evaluation of the challenge hypothesis. Neu-
roscience and Biobehavioral Reviews 30: 319–345. https://doi.org/10.1016/j.neubiorev.2004.12.007
PMID: 16483890
69. Geary DC (2009) Male, female: the evolution of human sex differences. Washington, D. C.: American
Psychological Association.
70. Rhoads SE (2004) Taking sex differences seriously. San Francisco, CA: Encounter Books.
71. Lunn PD (2010) The sports and exercise life course: a survival analysis of recall data from Ireland.
Social Science & Medicine 70: 711–719.
72. Ferrar KE, Olds TS, Waters JL (2012) All the stereotypes confirmed: differences in how Australian
boys and girls use their time. Health Education & Behavior 39: 589–595.
73. Nielsen G, Pfister G, Andersen LB (2011) Gender differences in the daily activities of Danish school
children. European Physical Education Review 17: 69–90.
74. Wilson GD (1983) Finger-length as an index of assertiveness in women. Personality and Individual Dif-
ferences 4: 111–112.
75. Hampson E, Ellis CL, Tenk CM (2008) On the relation between 2D:4D and sex-dimorphic personality
traits. Archives of Sexual Behavior 37: 133–144. https://doi.org/10.1007/s10508-007-9263-3 PMID:
18075733
76. Coyne SM, Manning JT, Ringer L, Bailey L (2007) Directional asymmetry (right–left differences) in digit
ratio (2D: 4D) predict indirect aggression in women. Personality and Individual Differences 43: 865–
872.
College-aged women in the United States that play overhand throwing sports have masculine digit ratios
PLOS ONE | https://doi.org/10.1371/journal.pone.0203685 September 13, 2018 20 / 23
77. Benderlioglu Z, Nelson RJ (2004) Digit length ratios predict reactive aggression in women, but not in
men. Hormones and Behavior 46: 558–564. https://doi.org/10.1016/j.yhbeh.2004.06.004 PMID:
15555497
78. Kociuba M, Kozieł S, Chakraborty R (2016) Sex difference in digit ratio (2D:4D) among military and
civil cohorts at a military academy in Wrocław, Poland. Journal of Biosocial Science 48: 658–671.
https://doi.org/10.1017/S0021932015000401 PMID: 26593964
79. Garbarino E, Slonim R, Sydnor J (2011) Digit ratios (2D:4D) as predictors of risky decision making for
both sexes. Journal of Risk Uncertainties 42: 1–26.
80. Ho¨nekopp J (2011) Relationships between digit ratio 2D: 4D and self-reported aggression and risk tak-
ing in an online study. Personality and Individual Differences 51: 77–80.
81. Coates JM, Gurnell M, Rustichini A (2009) Second-to-fourth digit ratio predicts success among high-
frequency financial traders. Proceedings of the National Academy of Sciences, USA 106: 623–628.
82. Hoffman WJ (1890) Remarks on Ojibwa ball play. American Anthropologist 3: 133–136.
83. Eibl-Eibesfeldt I (1989) Human ethology. New York, NY: Aldine de Gruyter.
84. Loy JW, Hesketh GL (1995) Competitive play on the plains: an analysis of games and warfare among
Native American warrior societies, 1800–1850. In: Pellegrini AD, editor. The future of play theory: a
multidisciplinary inquiry into the contributions of Brian Sutton-Smith. Albany, NY: SUNY Press. pp.
73–105.
85. Chagnon NA (1997) Yanomamo¨. New York, NY: Harcourt Brace College Publishers.
86. Oswalt WH (1976) An anthropological analysis of food-getting technology. New York, NY: John Wiley
& Sons, Inc.
87. Turney-High HH (1971) Primitive war: its practice and concepts. Columbia, SC: University of South
Carolina Press.
88. Kimura D (1999) Sex and cognition. Cambridge, MA: A Bradford Book, MIT Press.
89. Watson NV, Kimura D (1991) Nontrivial sex differences in throwing and intercepting: relation to psy-
chometrically-defined spatial functions. Personality and Individual Differences 12: 375–385.
90. Peters M (1997) Gender differences in intercepting a moving target by using a throw or button press.
Journal of Motor Behavior 29: 290–296. https://doi.org/10.1080/00222899709600016 PMID:
12453771
91. Butterfield SA, Loovis EM (1993) Influence of age, sex, balance, and sports participation on develop-
ment of throwing by children in grades K-8. Perceptual and Motor Skills 76: 459–464. https://doi.org/
10.2466/pms.1993.76.2.459 PMID: 8483657
92. Butterfield SA, Angell RM, Mason CG (2012) Age and sex differences in object control skills by chil-
dren ages 5–14. Perceptual and Motor Skills 114: 261–274. https://doi.org/10.2466/10.11.25.PMS.
114.1.261-274 PMID: 22582694
93. Loovis EM, Butterfield SA (1993) Influence of age, sex, balance, and sport participation on develop-
ment of catching by children grades K-8. Perceptual and Motor Skills 77: 1267–1273
94. Marques-Bruna P, Grimshaw PN (1997) 3-dimensional kinematics of overarm throwing action of chil-
dren age 15 to 30 months. Perceptual and Motor Skills 84: 1267–1283. https://doi.org/10.2466/pms.
1997.84.3c.1267 PMID: 9229446
95. Lorson KM, Stoden DF, Langendorfer SJ, Goodway JD (2013) Age and gender differences in adoles-
cent and adult overarm throwing. Research Quarterly for Exercise and Sport 84: 239–244. https://doi.
org/10.1080/02701367.2013.784841 PMID: 23930550
96. Stodden DF, Langendorfer SJ, Fleisig GS, Andrews JR (2006) Kinematic constraints associated with
the acquisition of overarm throwing. Part II: upper extremity actions. Research Quarterly for Exercise
and Sport 77: 428–436. https://doi.org/10.1080/02701367.2006.10599378 PMID: 17243218
97. Thomas JR, Alderson JA, Thomas KT, Campbell AC, Elliott BC (2010) Developmental gender differ-
ences for overhand throwing in aboriginal Australian children. Research Quarterly for Exercise and
Sport 81: 432–441. https://doi.org/10.1080/02701367.2010.10599704 PMID: 21268467
98. Ehl T, Roberton MA, Langendorfer SJ (2005) Does the throwing “gender gap” occur in Germany?
Research Quarterly for Exercise and Sport 76: 488–493. https://doi.org/10.1080/02701367.2005.
10599322 PMID: 16739686
99. Allaway HC, Bloski TG, Pierson RA, Lujan ME (2009) Digit ratios (2D:4D) determined by computer-
assisted analysis are more reliable than those using physical measurements, photocopies, and printed
scans. American Journal of Human Biology 21: 365–370. https://doi.org/10.1002/ajhb.20892 PMID:
19263413
College-aged women in the United States that play overhand throwing sports have masculine digit ratios
PLOS ONE | https://doi.org/10.1371/journal.pone.0203685 September 13, 2018 21 / 23
100. Ribeiro. E, Neave N, Morais RN, Manning JT (2016) Direct versus indirect measurement of digit ratio
(2D:4D): a critical review of the literature and new data. Evolutionary Psychology January-March 2016:
1–8.
101. Voracek M, Pietschnig J, Oeckher M (2008) Finger, sex, and side differences in fingertip size and lack
of association with image-based digit ratio (2D:4D) measurements. Perceptual and Motor Skills 107:
507–512. https://doi.org/10.2466/pms.107.2.507-512 PMID: 19093612
102. Williams TJ, Pepitone ME, Christensen SE, Cooke BM, Huberman AD, Breedlove MJ et al. (2000) Fin-
ger-length ratios and sexual orientation. Nature 404: 455–456. https://doi.org/10.1038/35006555
PMID: 10761903
103. Brown WM, Hines M, Fane BF, Breedlove SM (2002) Masculinized finger length patterns in human
males and females with congenital adrenal hyperplasia. Hormones and Behavior 42: 380–386. PMID:
12488105
104. McFadden D, Shubel E (2002) Relative lengths of fingers and toes in human males and females. Hor-
mones and Behavior 42: 492–500. PMID: 12488115
105. Rahman Q, Wilson GD (2003) Sexual ornamentation and the 2nd to 4th finger length ratio: evidence
for organizing effects of sex hormones or developmental instability? Psychoneuroendocrinology 28:
288–303. PMID: 12573297
106. Voracek M (2009) Comparative study of digit ratios (2D:4D and other) and novel measures of relative
finger length: testing magnitude and consistency of sex differences across samples. Perceptual and
Motor Skills 108: 83–93. https://doi.org/10.2466/PMS.108.1.83-93 PMID: 19425449
107. Delacre M, Lakens D, Leys C (2017) Why psychologists should by default use Welch’s t-test instead of
Student’s t-test. International Review of Social Psychology 301: 92 https://doi.org/10.5334/irsp.82
108. IBM (2013) IBM SPSS Statistics, Version 22. Somers, NY: IBM.
109. Cohen J (1992) A power primer. Psychological Bulletin 112: 155–159. PMID: 19565683
110. Rouder JN, Speckman PL, Sun D, Morey RD, Iverson G (2009) Bayesian t tests for accepting and
rejecting the null hypothesis. Psychonomic Bulletin & Review 16: 225–237.
111. Dienes Z (2014) Using Bayes to get the most out of non-significant results. Frontiers in Psychology 5:
781. https://doi.org/10.3389/fpsyg.2014.00781 PMID: 25120503
112. Efron B, Tibshirani RJ (1993) An introduction to the bootstrap. Boca Raton, FL: Chapman & Hall/
CRC.
113. Breiman L (2001) Random-forest. Machine Learning 45: 5–32.
114. Holm S (1979) A simple sequential rejective multiple test procedure. Scandinavian Journal of Statistics
6: 65–70.
115. Rice WR (1989) Analyzing tables of statistical tests. Evolution 43: 223–225. https://doi.org/10.1111/j.
1558-5646.1989.tb04220.x PMID: 28568501
116. Lessells CM, Boag PT (1987) Unrepeatable repeatabilities: a common mistake. Auk 104: 116–121.
117. SAS (2011) SAS 9.3. Cary, NC: SAS Institute, Inc.
118. Team RC (2013) A language and environment for statistical computing. Vienna, Austria: R Founda-
tion for Statistical Computing, http://www.R-project.org/.
119. Lombardo MP, Deaner RO (2018) Born to throw: the ecological causes that shaped the evolution of
throwing behavior in humans. Quarterly Review of Biology 93: 1–16.
120. Lombardo MP, Deaner RO (2018) On the evolution of the sex differences in throwing: throwing is a
male adaptation in humans. Quarterly Review of Biology 93: 91–119.
121. Moffit DM, Swanik CB (2011) The association between athleticism, prenatal testosterone, and finger
length. Journal of Strength and Conditioning Research 25: 1085–1088. https://doi.org/10.1519/JSC.
0b013e3181d4d409 PMID: 20733526
122. Hull MJ, Schranz NK, Manning JT, Tomkinson GR (2015) Relationships between digit ratio (2D:4D)
and female competitive rowing performance. American Journal of Human Biology 27: 157–163.
https://doi.org/10.1002/ajhb.22627 PMID: 25242253
123. Hsu C-C, Su B, Kan N-W, Lai S-L, Fong T-H, Chi C-P et al. (2015) Elite collegiate tennis athletes have
lower 2D: 4D ratios than those of nonathlete controls. The Journal of Strength & Conditioning
Research 29: 822–825.
124. Jia J (2014) Research on the relationship of the digit ratio and the throwing ability of throwing athletes
in sports undergraduate college. BioTechnology 10: 3698–3703.
125. Krakowiak H, ČabrićM, Sokołowska E (2014) Digit ratio (2D: 4D) and body composition in athletes.
Medical and Biological Sciences 27: 33–37.
College-aged women in the United States that play overhand throwing sports have masculine digit ratios
PLOS ONE | https://doi.org/10.1371/journal.pone.0203685 September 13, 2018 22 / 23
126. Longman D, Stock JT, Wells JCK (2011) Digit ratio (2D:4D) and rowing ergometer performance in
males and females. American Journal of Physical Anthropology 144: 337–341. https://doi.org/10.
1002/ajpa.21407 PMID: 21302261
127. Ho¨nekopp J, T Manning J, Mu¨ller C (2006) Digit ratio (2D:4D) and physical fitness in males and
females: Evidence for effects of prenatal androgens on sexually selected traits. Hormones and Behav-
ior 49: 545–549. https://doi.org/10.1016/j.yhbeh.2005.11.006 PMID: 16403410
128. Hone LSE, McCullough ME (2012) 2D:4D ratios predict hand grip strength (but not hand grip endur-
ance) in men (but not in women). Evolution and Human Behavior 33: 780–789.
129. Berenbaum SA, Korman Bryk KL, Beltz AM (2012) Early androgen effects on spatial and mechanical
abilities: evidence from congenital adrenal hyperplasia. Behavioral Neuroscience 126: 86–96. https://
doi.org/10.1037/a0026652 PMID: 22289044
130. Berenbaum SA, Beltz AM (2016) How early hormones shape gender development. Current Opinion in
Behavioral Sciences 7: 53–60. https://doi.org/10.1016/j.cobeha.2015.11.011 PMID: 26688827
131. Koziel S, Kociuba M, Ignasiak Z, Chakraborty R (2016) Is sports choice and participation related to
2D:4D? A study among adult male students in Wrocław, Poland. Collegium Antropologicum 40: 105–
110. PMID: 29139283
132. Papadatou-Pastou M, Martin M, M R.M, Jones GV (2008) Sex differences in left-handedness: a meta-
analysis of 144 studies. Psychological Bulletin 134: 677–699. https://doi.org/10.1037/a0012814
PMID: 18729568
133. Mayhew TM, Gillam L, MacDonald R, Ebling FJP (2007) 2D (index) and 4D (ring) digit lengths: their
variation and relationships during the menstrual cycle. Journal of Anatomy 211: 630–638.
134. Rechichi C, Dawson B, Goodman C (2009) Athletic performance and the oral contraceptive. Interna-
tional Journal of Sports Physiology and Performance 4: 151–162. PMID: 19567919
135. Jones J, Mosher WD, Daniels K (2012) Current contraceptive use in the United States, 2006–2010,
and changes in patterns of use since 1995. National Health Statistics Reports No. 60: http://www.cdc.
gov/nchs/data/nhsr/nhsr060.pdf.
136. Scutt D, Manning JT (1996) Symmetry and ovulation in women. Human Reproduction 11: 2477–2480.
PMID: 8981138
137. De la Cruz-Sanchez E, Garcia-Pallares J, Torres-Bonete MD, Lopez-Gullon JM (2015) Can our fingers
alone raise us up to the sky? Analysis of the digit ratio association with success in Olympic wrestling.
Collegium Antropologicum 39: 515–519. PMID: 26898044
138. Holzapfel SD, Chomentowski PJ III, Summers LAM, Sabin MJ (2016) The relationship between digit
ratio (2D:4D) VO2MAX, ventilatory threshold, and running performance. International Journal of
Sports Sciences and Fitness 6: 1–31.
139. Kim B-S (2016) A study of the second digit to fourth digit ratio targeting Taekwondo athletes. Indian
Journal of Science & Technology 9:
140. Peeters MW, Claessens AL (2012) The left hand second to fourth digit ratio (2D: 4D) does not discrimi-
nate world-class female gymnasts from age matched sedentary girls. PloS One 7: e40270. https://doi.
org/10.1371/journal.pone.0040270 PMID: 22768268
141. Peeters MW, Van Aken K, Claessens AL (2013) The left hand second to fourth digit Ratio (2D: 4D) Is
not related to any physical fitness component in adolescent girls. PloS One 8: e59766. https://doi.org/
10.1371/journal.pone.0059766 PMID: 23565167
142. van Anders SM, Hampson E (2005) Testing the prenatal androgen hypothesis: measuring digit ratios,
sexual orientation, and spatial abilities in adults. Hormones and Behavior 47: 92–98. https://doi.org/
10.1016/j.yhbeh.2004.09.003 PMID: 15579270
143. Lombardo MP (2012) On the evolution of sport. Evolutionary Psychology 10: 1–28. PMID: 22833842
144. Guttmann A (2004) From ritual to record: the nature of modern sports. New York, NY: Columbia Uni-
versity Press.
145. Puts DA (2010) Beauty and the beast: mechanisms of sexual selection in humans. Evolution and
Human Behavior 31: 157–175.
146. Puts DA, Bailey DH, Reno PL (2016) Contest competition in men. In: Buss DM, editor. Handbook of
Evolutionary Psychology, Second Edition. Hoboken, NJ: John Wiley & Sons, Inc. pp. 385–402.
College-aged women in the United States that play overhand throwing sports have masculine digit ratios
PLOS ONE | https://doi.org/10.1371/journal.pone.0203685 September 13, 2018 23 / 23
